Background: In the gingival sulcus, effective and balanced innate and adaptive
balanced innate and adaptive immune responses at this site are crucial in maintaining immune homeostasis. 3 The first line of defense depends on junctional epithelium integrity and its ability to control plaque bacteria growth via constant production of antimicrobial peptides. 2, 4 The epithelium also secretes chemokines and cytokines including interleukin (IL)-8, IL-1 , and tumor necrosis factor (TNF)-that upregulate adhesion molecules and recruit specific subsets of immune cells to the tissue site. 2 The other hallmark phenomenon involves the constant migration of polymorphonuclear neutrophils (PMNs) from blood vessels in the connective tissue and selectively migrate across the junctional epithelium into the gingival sulcus. 5 PMNs perform antibacterial functions including phagocytosis, antimicrobial peptide production, and neutrophil extracellular trap formation. 6 Antigen presenting cells including Langerhans cells, tissue dendritic cells, and macrophages have also been demonstrated to have immune regulatory function in maintaining homeostasis. [7] [8] [9] [10] These well-controlled immune responses in healthy gingiva suppress the plaque bacteria and do not cause overt tissue pathology. 3 Unlike gut, gingiva does not have mucosal lymphoid tissues. However, a small number of B and T cells have been observed in healthy gingiva. 11 We recently described memory B cells residing in the connective tissue subjacent to the junctional epithelium in healthy gingiva suggesting that these cells may be involved in maintaining periodontal tissue wellbeing. 12 Although the presence of T cells in healthy gingiva has been described, their memory phenotypic markers have not been clearly defined. Significant progress has been made during the past fifteen years in understanding the complexity of memory T cells, their trafficking and homing, transcriptional profile, and functions. 13 Different subsets of memory T cells include stem memory (T SCM ), central memory (T CM ), transitional memory (T TM ), effector memory (T EM ) and terminal effector memory (T TE ) T cells. 13 T SCM and T TM cells have been recently identified. T SCM cells have stem cell-like characteristics with their capacity to self-renew and also to generate more differentiated progeny from antigen stimulation. 14 It has been suggested that the T SCM cells play an important role in immune-mediated disease. 15 T TM cells were first identified in blood of healthy individuals and has been suggested that they are more differentiated compared with T CM cells but not as fully differentiated as T EM cells. 16, 17 A unique subset of memory T cells permanently resides in non-lymphoid tissue termed tissue-resident memory (T RM ) cells. CD69 is a key marker of T RM while CD103 expression is found on a subset of CD8 + and not CD4 + T RM cells. 18, 19 Ctype lectin CD69 inhibits sphingosine-1-phosphate receptor 1, leading to tissue retention, 20, 21 whereas CD103 promotes cell adherence to E-cadherin expressed on tissue epithelial cells. 22 CD69 + memory T cells have been commonly used to define tissue-resident population, whereas CD69 − memory T cells represent a recirculating population. 4 CD69 + T RM cells consist of a core gene signature such as upregulation of chemokine receptor CXCR6 and also activation-induced molecules IL-2, IL-10, and programmed cell death 1 that can regulate proliferation. 18 Because of their strategic location in the mucosal tissues, CD69 + T RM cells have been shown to play a role in both protection and disease. 19, [23] [24] [25] [26] A better understanding of memory T cells in periodontal health and disease could provide new insights into how these memory T cell subsets play a role in maintaining homeostasis and inducing destructive inflammatory responses. The purpose of this study was to characterize the composition of memory T cells in both healthy gingiva and periodontitis tissues. Our findings demonstrate that healthy gingiva-memory T cells comprise two populations; CD69 − recirculating and CD69 + gingiva-resident memory T cells. Effective immune response to keep homeostatic relationship with the dental plaque microbiome at the strategic area of the healthy gingival sulcus may partially rely on these memory T cells.
MATERIALS AND METHODS

Reagents
For flow cytometric analysis, monoclonal antibodies (mAbs) against the following proteins were used: CD3 (SK7), * CD4 (RPA-T4), * CD8 (RPA-T8), * CD 28 (CD28.2), * CD95 (DX2), * CD45RA (5H9), * CCR7 (150503), * CD69 (FN50), * CD103 (Ber-ACT8), * IFN-(B27), * and IL-17A (eBio64CAP17). † For immunohistochemistry analysis, mAbs against the following proteins were used: CD3 (A0452), ‡ CD4 (EPR6855) and CD103 (EPR4166(2)), § and CD8 (1A5). ¶ 
Ethics statement
Immunohistochemistry
Gingival tissues from healthy (n = 7) and periodontitis patients (n = 11), one sample per patient, were fixed in 10% buffered formalin for a maximum of 24 hours and subsequently embedded in paraffin. Microtome serial paraffin sections (4 m in thickness) were cut from the central part of each specimen in a plane parallel to the long axis of the teeth and oriented so that the pocket epithelium or the sulcular epithelium, oral epithelium, and connective tissues were present in the same section. The sections were mounted on a glass slide. Sections were deparaffinized. To inhibit endogenous peroxidase, the sections were incubated in 0.3% hydrogen peroxide solution for 20 minutes and heated in 1 mM EDTA pH 8.0 at 95 • C for 20 minutes for antigen retrieval.
To identify CD3 + , CD4 + , and CD8 + cells, staining was performed on the sections via polymer/horseradish peroxidase (HRP) and DAB + chromogen system. * The samples were stained with the designated primary antibodies followed by Polymer/HRP, and then counterstained with hematoxylin.
Gingival cell preparation
Gingival tissues were washed three to four times in Roswell Park Memorial Institute (RPMI) 1640 medium and cut into small fragments (1 to 2 mm 3 ). The fragments were incubated in medium that contained 2 mg/mL collagenase type I. † After * Dako, Glostrup, Denmark. † Gibco, Grand Island, NY. 90 minutes incubation (37 • C), residual tissue fragments were disaggregated by gentle flushing, until single-cell suspensions were obtained. These cells were filtered through a 70-m mesh size filter and then used for flow cytometry analysis and cytokine study.
Flow cytometric analysis of memory T cell subsets
Cells from healthy gingiva (n = 9) and periodontitis tissues (n = 4) were stained with mAbs against CD3, CD4, CD8, CD28, CD95, CD45RA, and CCR7. Staining with the antibody cocktail containing antibodies specific to CD45RA, CCR7, CD28, and CD95, enabled us to simultaneously identify naïve and five subsets of memory T cells. 13 T cells expressing CD45RA + CCR7 + CD28 + CD95 − were defined as naïve T cells. Phenotypic markers of memory T cell subsets were characterized as follows:1) CD45RA + CCR7 + CD28 + CD95 + cells were T SCM cells, 2) CD45RA − CCR7 + CD28 + CD95 + cells were T CM cells, 3) CD45RA − CCR7 − CD28 + CD95 + cells were T TM cells, 4) CD45RA − CCR7 − CD28 − CD95 + cells were T EM cells, and 5) CD45RA + CCR7 − CD28 − CD95 + cells were T TE cells.
To identify T RM cell markers; CD69 and CD103 cells were stained with mAbs against CD3, CD4, CD8, CD69, and CD103. CD69 − memory T cells were characterized as recirculating memory T cells, while CD69 + memory T cells were characterized as gingiva-resident memory T cells. Flow cytometry analysis was performed using 12-color flow cytometry. ‡
Intracellular staining analysis of IL-17 and IFN-
Single-cell suspensions obtained from gingival tissues were stimulated with Staphylococcal enterotoxin (SEB) § (4 g/mL) and gingival cells cultured in medium served as negative control. After 2 hours of stimulation, brefeldin A ¶ was added to inhibit cytokine secretion and the cell cultures were further incubated overnight. The cells were washed and stained with a panel of antibodies including anti-CD3, anti-CD4, anti-CD8, and anti-CD103 mAbs. The stained cells were fixed/permeabilized ¶ and intracellular cytokines were stained with mAbs against IL-17 and IFN-. Finally, stained cells were analyzed by a 12-color flow cytometer. ‡
Statistical analysis
The data were analyzed using a statistical analysis program. Scale bars = 100 m variable between two groups were analyzed using the MannWhitney U test. Comparisons between two variables in one group were analyzed using the Wilcoxon signed-rank test. Two-tailed P values < 0.05 were considered statistically significant.
RESULTS
Human memory T cells in healthy gingiva
Immunohistochemical staining was used to investigate the presence and anatomical location of T cells in healthy gingiva. Figure 1 showed that CD3 + T cells formed clusters close to capillary opening, scattered throughout connective tissue. Some were detected in the epithelial layer. Dense CD3 + T cell clusters were consistently observed at the bottom of the healthy gingival sulcus adjacent to the junctional epithelium. CD4 + and CD8 + T cells were also detected in the same locations (see supplementary Figure 1 in online Journal of Periodontology). Figure 2A in online Journal of Periodontology). The proportion of naïve T cells was negligible (< 0.5%) suggesting no blood contamination (data not shown). The percentage of CD4 + memory T cells in healthy gingiva was consistently higher compared with CD8 + memory T cells (61.52% ± 1.47% versus 38.48% ± 1.47%, P < 0.001, (see supplementary Figure 2B in online Journal of Periodontology). We next analyzed the expression of CD69 and CD103, surface markers commonly used to identify T RM cells. T cells expressing CD69 were defined as gingiva-resident memory T cells whereas those not expressing CD69 were defined as recirculating memory T cells. Healthy gingiva contained both CD69 − recirculating memory T cells (56.26% ± 4.31%) and CD69 + gingiva-resident memory T cells (43.74% ± 4.31%; P = 0.203) (Figure 2A) . Most of CD69 − and CD69 + memory T cell populations were CD4 + cells and were CD103 negative (CD4 + CD69 − CD103 − T cell frequency = 34.21% ± 3.17%; CD4 + CD69 + CD103 − T cell frequency = 26.68% ± 2.96%). Only a small proportion of memory T cells expressed CD103, which was mostly detected on CD8 + T cells.
Most of the T cells isolated from healthy gingiva were memory T cells (see supplementary
We next characterized the composition of the memory T cell subsets; T SCM , T CM , T TM , T EM , and T TE cells in the recirculating and gingiva-resident memory T cell populations. Figure 2B showed that CD45RA − CCR7 − CD28 + CD95 + T TM cells (73.17% ± 3.71%) and CD45RA − CCR7 + CD28 + CD95 + T CM cells (22.17% ± 3.13%) composed the majority of CD4 + CD69 − CD103 − recirculating memory T cells. The percentages of T SCM , T EM , and T TE cells were negligible (0.1% to 2%). Within the CD8 + CD69 − CD103 − recirculating memory T cells, the T TM cells comprised 48.42% ± 4.43%, followed by CD45RA − CCR7 − CD28 − CD95 + T EM (29.10% ± 4.53%), CD45RA + CCR7 − CD28 − CD95 + T TE (11.53% ± 2.43%), CD45RA + CCR7 + CD28 + CD95 + T SCM (5.73% ± 0.99%), and T CM cells (5.16% ± 0.62%). The proportion of CD69 − CD103 + recirculating population was minimal and their memory T cell subset compositions was similar to those in the CD69 − CD103 − recirculating population ( Figure 2C ).
The composition of the memory T cell subsets of the CD69 + gingiva-resident memory T cells was evaluated. T TM and T CM cells made up 77.55% ± 1.87% and 19.72% ± 2.03%, respectively, of the CD4 + CD69 + CD103 − gingivaresident memory T cells. The percentages of T SCM , T EM , and T TE cells were negligible (0.14% to 2.15%). Analysis of the CD8 + CD69 + CD103 − gingiva-resident memory T cells indicated that the T TM cells constituted 60.73% ± 3.69%, followed by T TE (22.82% ± 3.71%), T EM (6.21% ± 1.23%), T CM (5.39% ± 1.44%) and T SCM cells (4.85% ± 1.01%) ( Figure 2D) .
Only a small population of the CD69 + gingiva-resident T cells expressed CD103. In the CD4 + CD69 + CD103 + gingiva-resident memory T cells, most were T TM cells (83.14% ± 2.08%), followed by T CM (13.39% ± 2.00%), T EM (3.169% ± 2.15%), and T SCM cells (0.05% ± 0.04%). Among the CD8 + CD69 + CD103 + gingiva-resident memory T cells, the majority were T TM cells (68.01% ± 4.18%), followed by T EM (15.60% ± 3.41%), T TE (10.17% ± 2.32%), T CM (5.53% ± 1.2%), and T SCM cells (0.69% ± 0.27%) ( Figure 2E ).
Taken together, the data suggest that CD4 + recirculating memory T cells and CD4 + gingiva-resident memory T cells with T TM cell phenotype represent the majority of T cell subsets in healthy gingiva.
Increased accumulation of memory T cells in periodontitis tissues
Immunohistochemical staining of periodontitis tissues showed an increase of CD3 + T cells at the base of the periodontal pocket area and scattered throughout the connective tissue, especially apically toward the advancing front of the lesion. Increased CD3 + T cells in the epithelial layer were not observed ( Figure 3 ). Numerous CD4 + and CD8 + T cells were also detected in the connective tissue (see supplementary Figure 3 in online Journal of Periodontology). Similar to healthy gingiva, most of the T cells isolated from periodontitis tissues were memory T cells (see supplementary Figure 2C in online Journal of Periodontology) and a higher proportion of CD4 + compared with CD8 + (65.03% ± 5.24% versus 34.97% ± 5.24%; P < 0.05) memory T cells was observed (see supplementary Figure 2D in online Journal of Periodontology). Interestingly, the proportion of CD4 + CD69 − CD103 − recirculating memory T cells was significantly lower in periodontitis tissues compared with healthy gingiva (32.40% ± 3.03% versus 22.33% ± 2.54%; P = 0.037). In contrast we observed an increased proportion of CD4 + CD69 + CD103 − gingiva-resident memory T cells compared with healthy gingiva (36.85% ± 3.22% versus 24.11% ± 2.70%; P = 0.017) ( Figure 4A and Figure 2A ). 
IL-17 and IFN-responses from memory T cells isolated from periodontitis tissues
The small number of T cells that could be isolated from healthy gingiva limited the study of IL-17 and IFNresponses. Cytokine responses from T cells derived from periodontitis tissues are shown in Figure 5A . Memory T cells produced both IL-17 and IFN-. CD4 + memory T cells predominant produced IL-17 alone (frequency = 1.88% ± 0.52%) and IFN-alone (frequency = 3.42% ± 1.82%). The frequency of CD4 + T cells that produced IL-17 plus IFN-was negligible.
Unlike CD4 + memory T cells, CD8 + memory T cells mostly produced IFN-alone (frequency = 8.51% ± 1.41%).
Measurement of IL-17 and IFN-production in recirculating versus gingiva-resident memory T cells based on CD69 expression was not possible because in vitro stimulation with SEB leads to CD69 expression on most T cells. 29 We next compared the cytokine response between the memory T cell CD103 + and CD103 − subsets. We found that the frequency of CD4 + CD103 + memory T cells that produced IFN-was 4.4-fold higher than that of CD4 + CD103 − memory T cells however, the differences did not reach statistical significance (12.87% ± 4.82% versus 2.92% ± 1.55%; P = 0.06) ( Figure 5B ). The frequency of IL-17 producing cells between CD4 + CD103 + and CD4 + CD103 − memory T cells was similar (1.49% ± 0.25% versus 1.92% ± 0.51%). A significant difference in the frequency of IFN-producing cells between CD8 + CD103 + and CD8 + CD 103 − memory T cells was observed (11.40% ± 1.02% versus 7.56% ± 1.07%; P = 0.029). IL-17 has been shown to be an important mediator in causing bone loss. 30 Our findings that CD4 + memory T cells are the major source of IL-17 suggest that these cells are potentially involved in pathogenesis of periodontitis.
DISCUSSION
The role of memory T cells, especially T RM cells in health and disease has received a lot of attention lately. 19, [23] [24] [25] [26] There have been a few reports on T cells in healthy gingiva. [31] [32] [33] Using immunohistochemical staining and flow cytometry, we showed that, like other human mucosal tissues, most T cells isolated from healthy gingiva had a memory phenotype. These memory T cells are recirculating and gingiva-resident memory T cells, characterized by the expression of CD69, a well-known T RM retention marker. Gingival memory T cells formed clusters scattered in the connective tissue, preferentially subjacent to the junctional epithelium, a strategic area vulnerable to subgingival plaque microbiome. Our findings highlight the possible role of memory T cells in the healthy gingiva immune surveillance network.
CD4 + memory T cells with a T TM cell phenotype were the major subset in both CD69 − recirculating and CD69 + gingiva-resident memory T cells. CD8 + memory T cells in healthy gingiva represented a minority subset and had T TM cell phenotype. These results were different from other studies showing that tissue T cells had a T EM cell phenotype. 4, 34 Resident T cells with T EM cell phenotype were also reported in healthy gingiva. 33 These discrepancies may result from using different cell surface markers for memory T cell phenotype identification. While most studies used CD45RA − CCR7 − to define the T EM cell phenotype, we included two additional markers, anti-CD28 and anti-CD95 mAbs in the antibody cocktail, allowing subset differentiation between T TM cells (CD45RA − CCR7 − CD28 + CD95 + ) and T EM cells (CD45RA − CCR7 − CD28 − CD95+). T TM cells were first identified in blood of healthy individuals and has been suggested that they are more differentiated compared with T CM cells but not as fully differentiated as T EM cells. 16, 17 The role of T TM cells in protection and disease has been poorly described. Recent data suggest that CD4 + T TM cells could serve as a reservoir of latent HIV infection. 35 Further study is needed to better understand the role of CD4 + T TM cells in periodontal health and disease.
Immunohistochemical staining of periodontitis tissues revealed the increase of memory T cell clusters at the base of the periodontal pocket and scattered throughout the gingiva, especially apically toward the advancing front of the lesion. Similar to healthy gingiva, CD4 + T TM cells also comprised the major subset in recirculating and gingiva-resident memory T cell populations. Interestingly, we detected a significant increase in the proportion of CD4 + CD69 + CD103 − gingiva-resident memory T cells in periodontitis tissues compared with healthy gingiva. This increase could result from a selective expansion of CD4 + CD69 + CD103 − gingivaresident memory T cells that pre-exist in healthy gingiva. Alternatively, the expansion of these cells may result from the pre-existing CD4 + CD69 + CD103 − memory T cells combined with some of the recirculating CD4 + CD69 − CD103 − memory T cells that become activated and express CD69 during the course of disease (CD69 expression in this case, represents an early T cell activation marker). One could speculate that the increase of CD4 + CD69 + CD103 − gingiva-resident memory T cells could play a role in pathogenesis of periodontitis.
CD4 + memory T cells isolated from periodontitis tissues produced either IL-17 or IFN-while CD8 + memory T cells produced only IFN-. These findings agree with recent observations suggesting that the major source of IL-17 in periodontitis is CD4 + memory T cells. 33 CD103 + memory T cells express higher levels of cytokines compared with CD103 − memory T cells. 36 In this study, we did not observe the differences in the magnitude of IL-17 and IFN-responses between CD4 + CD103 + and CD4 + CD103 − memory T cells. However, CD8 + CD103 + memory T cells showed a significant higher IFN-response compared with CD8 + CD103 − memory T cells.
Because of technical limitations, the number of T cells isolated from healthy gingiva was too low which limited cytokine investigation. However, data from single healthy tissue samples showed that memory T cells produced both IL-17 and IFN-, similar to those from periodontitis tissues (see supplementary Figure 4 in online Journal of Periodontology). Our observations confirm recent studies describing that CD4 + memory T cells from healthy gingiva produced IL-17 and IFN-. 33, 37 The role of IL-17 and IFN-in pathogenesis of periodontitis has been investigated. IL-17 has been detected in periodontitis and is responsible for tissue damage and inflammatory bone loss. 30, 38 High expression of IFN-has been consistently detected in human periodontitis tissues. 39, 40 In mice that lack an IFN-response, the animals develop less gingival tissue damage and bone loss following Aggregatibacter actinomycetemcomitans infection. 41 Several evidences also point out tissue-protective and immune regulatory functions of IL-17 and IFN-in maintaining immune homeostasis. IL-17 stimulates antimicrobial peptide production by gut epithelial cells and maintain epithelial cell tight junctions at steady state. 42 IL-17 also promotes PMN migration across epithelium via IL-17-mediated IL-8 production. 43 The role of IFN-in maintaining immune homeostasis is less well described. A recent study suggests that IFN-regulates homeostasis in healthy tissue by upregulation of suppressor-of-cytokine-2 (SOCS2) protein expressed by tissue phagocytes. 44 Moreover, we previously described that IFN-induces indoleamine 2, 3-dioxygenase production from gingival fibroblast cells. 45 This immune suppressing enzyme has been suggested to be a crucial mediator in maintaining gut homeostasis. 46 The ability of IFNto upregulate adhesion molecule vascular cell adhesion molecule 1 on endothelial cells 47 and intercellular adhesion molecule 1 on gingival fibroblasts 45 may be responsible for the recruitment and retention of recirculating memory T cells observed in healthy gingiva. Collectively, these data suggest that IL-17 and IFN-responses, especially at low levels may have a beneficial role in supporting gingival tissue homeostasis and controlling tissue inflammation.
It should be pointed out that the current study was conducted using small sample size, limiting conclusions to some degree. Another limitation is that we did not determine the frequency of regulatory T (T REG ) cells in healthy gingiva and periodontitis tissues. The function of T REG cells has been demonstrated to counterbalance inflammatory responses. 48 A better understanding of how T REG cells may be involved in immune homeostasis and inflammation in human gingiva is required.
CONCLUSIONS
Classic notions regarding the crucial role of innate cells (junctional epithelium and PMN) in maintaining gingiva health have been long held. Our findings reveal that memory T cells may be involved in the healthy gingiva immune surveillance network and together with the innate arm of immune defense could maintain a homeostatic relationship with subgingival plaque microbiome. Microbial imbalance could damage the epithelial barrier allowing large amounts of bacteria and their antigens to gain access to the connective tissue. These antigens could provoke uncontrolled T cell activation leading to the increase of CD4 + CD69 + CD103 − gingiva-resident memory T cells. Cytokine production from this subset of memory T cells may be responsible for tissue damage and bone loss in periodontitis. Further investigation to characterize memory T cell antigen specificity, the role of subgingival plaque bacteria, and specific tissue signals that promote the localization of recirculating and gingiva-resident memory T cells will provide additional insights into how the gingival immune response operates in health and disease.
